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7 +  SEMI-INFINITE AQUIFER ®
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CASE 1I. GROUP 4

FPROFERTIES OF THE DISFOSAL ZONE
KEKEERKKKKKKKEKKXKKKKKKK KKK KK KR KKK KK

COMFRESSIEBILITY = O,S0QE-QS 1/FSI
FERMEAERILITY = Z00. 000 MD
VISCOSITY = 1.000 CF
THICKENESS = 50.0 FT

FORQSITY =0.200
EEKEKEXKKXKAKXXKKKKKXKKEKRKK KK KK KKKK¥ X

FROPERTIES OF THE SHALE LAYER
AEKKKKEKKKKKKKXXELEXEAXXXXK KKK KL X

SHALE FERMEABILITY =0.100008~02 MD‘

SHALE THICKNESS = 1.00000 FT

FROFERTIES OF ABANDONED HOLES
XAXKEXKKE AKX KEXKX XXX KRR KK KRR E LRI KRR KR KR KKK KKK KKA X
¥ ABANXWELLXDEFTH TO XDEFTH TOxMUD XGEL ¥XCRITIC x
¥ WELLXDIAMXDISF ZONEXHZIO ZONEXDENSITYXSTRENGTH XFRESSU X
X ¥ IN X FT ¥ . FT *LEB/GAL XLE/L1OOFTZX  FSI X
REXKEEXKKK LK KKK KKK KKK KKK KKK RN KKK KKK KRR KX
73.00%X2T565.87%

X 1 X 9.6 ZS000.00% SO0, 0% 8. 600%

X 2 %X 9.6%  SOO0.00x &00.0%x B.&600X% 73.00%x236S.87%
X T % F.6%  SO00.00X &O0,.0% 8.600x% 75.00%X23T65.87%
X 4 x 9.6% SO00.00X L00.0%  8.600% 75.00%¥2T65.87%
b ¢ S X 9.6 S000.00x% 600.0%x 8.8600x% 7S.00XZZ465.87X
X & X F.6% SOOQ.00X &OO. 0%  8.600x% 75.00Xx2365.87x
X 7 %X F.6% SO00.00x% &Q0, 0% 8.600% 7S.00X256S.87X
X 8 X 9.6%x ISOQOO.00% &Q0, 0%  8.600x% 75.00%x27&65.87%
X T X F.6%x SO00O.00% &O0,0x 8,.600% 7S.00X2T6S.87%
X 10 x 9.6% SOOO.QOX 600, 0%x  B.600% 7S.00x23465.87%
EEKKKKEKRK KKK KK KR KKK KK KKK KKK KKK ERKK KKK E KK KKK KKK KKK KK KK

COORDINATES OF THE ABANDONED WELLS

WELL # X Y
XXX KKK FT. FT.

1 SQQOQ . 000 1500, Q00

2 TO00., 000 1000, Q00

3 4400.000 600, Q00

4 &Q00, OO0 4000, OO0

] &300.000 2300, 000

& BOOQO. OO 4000, OO0

7 000, 000 2000, 000

8 7800.000 6400, QOO

9 FO00. Q00 &QOO0Q, QOO

10 8000, QOO 7000, QQ0

COORDINATES OF THE INJECTION WELL

X= 4000.000 Y= 2000.000 FT.
INJECTION RATE =5000C. BEL/DAY
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THOUSANDS OF FEET
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THOUSANDS OF FEET
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INFINITE AQUIFER NO LEAK
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CASE III

FROFERTIES OF THE DISFOSAL ZONE
EXKEEKEREKELKKE KKK XK XXX KKK KA KX RKKKE
COMFRESSIEILITY = 0.S00E-Q0E% 1/FSI

FERMEAEBILITY = 3J00.000Q ™MD
VISCOSITY = 1.000 CF
THICKNESS = S50.0 FT

POROSITY =0.200
12322322233 F22 030333322333 483332 823

FROFERTIES OF ABANDONED HOLES
P22 2222302222222 0 2022002202 200¢03 8202080222222 2222020 81
X ABANXWELLXDEPTH TO *DEFTH TOXxMUD XGEL ¥CRITIC x
¥ WELLXDIAMXDISF ZONEXxHZ20 ZONEXDENSITYXSTRENGTH *FRESSU X
* X IN x FT X FT *LB/GAL XLB/100OFT2%x FPSI %
EXKKKKKEKKKKEX KRR KKK K KX KK REKKRKEXK KK KRR KK KKK KKK KKK KKK KKK KK
F.6x SO00,.00% 600.0x 2.000x 100,.00x2513. 16X

b 4 1 x

X 2 %X 2.6% SQO0.00% &00.0x 9,.000x% 100.00%x2313. 1&%
b 3 S X 9.6 S000,00x 600.0x 2.000x 100.00xZ513. 1&6%
X 4 x Q.6x S0O00,00% 600.0%x Q.000% 100.00x2513. 16X
X S X 9.6 S000.00x% &600.0% F.000% 100,00x2513. 16X
X & % F.6x TOOQ.QOX 600.0%x  Q.000% 100.00Q%2Z213. 1&X%
22 S22 P PSPPI LI L2002 0008 C PR it esy:

COORDINATES OF THE ABANDONED WELLS

WELL # X Y

AXREXX FT. FT.
1 S000.000 1500.000
2 J000. 000 1000.000
3 4400. 000 . 3600.000
4 3000, 000 -1000.000
S 4000. 000 -2T00.000
& S000.Q00 . -500.000

COORDINATES OF THE INJECTION WELL

X= 4000.000 Y= 2000,000 T.
INJECTION RATE =S000. BEL/DAY
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SEMI-INFINITE AQUIFER

4 180° FAULT ANGLE
T K = 300.00 MD £ = 4.61
it = 50.00 FT L LY
8 = .200 ?
34 NON-LEAKY SHALE
Total Time = 30 years
Q = 5000 BB1/DAY
21 - 2
£, = 2.03y
1 tL = 2,23y ?
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v L v * L] A : : .'
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INFINITE AQUIFER

K = 300.00 MD t, = 6.69y
I = 50.00 FT (3
g = .200 :

Porit = 2513.16 psi

NON-LEAKY SHALE
Partially Sealing Fault 0=5000 BBL/DAY -
K¢ = .002 MD )pr

Wg = 3.0 FT t;, = 2.60y
t = 2.91y Ol
®
2
‘ ) PARTIALLY SEALING FAULT
1 2 3 ] 5 6
O NO LEAK
6
NO LEAK
NO LEAK
O
5
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10
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q 1 INFINITE AQUITFER
K = 300.00 MD t] = 4.63y
H= 50.00 FT N ‘
¢ = .200 3

31 P..ip = 2513.16 psi

NON~LEAKY SHALE

Partially-Sealing Fault
K¢ = 0.00002

Q=5000 BBL/DAY
2 T We = 3.0 FT
TOTAL TIME = 30 years

29§
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1 2
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CASE IV
EFFECTS OF LEAKY SHALE AQUICLUDES

Group 1, Comparison of leaking and non-leaking shale aquicludes

for 45° fault angle case
Group 2, Effect of boundaries on leaky-shale case

Group 3, Same as Group 2 but with different injection well
location

Group 4, Same as Group 3 but again a different injection well
location

Group 5, Two runs, same as Group 2, No. 1 for a shale thickness
of 5.0 and 10.0 ft respectively

Group 6, Same as Group 1! above but with P changed from

2513.16 to 2322.58 Psi crit
Group 7, Same as Group 6 but with PCrit set to 2668.9 Psi (;, /
NOTE: An artificially largce value for shale permeability Ks,

and a small value for shale thickness, hs’ were used in

these examples in order to demonstrate large effects of
shale leakage on pressure response for illustrative
purposes. :




CASE 1V, GROUP 1

FROFERTIES OF THE DISFOESAL ZONE
KK KK KKK K KKK K OO R XX RO R K KOO X
COMPRESSIRILITY = 0.S00E-0S 1/FSI

FERMEARILITY = 100.000 ™MD
VISCOEITY = 1.00Q0 CF
THICKNESS = T00.0 FT

FORDEITY =0.200
EERERERKAI R KK XK AKX ERKKXE X RAKKKEKX

FROFERTIES OF THE‘SHALE LAYER
FHKKKAKE KKK KKK KKK K RAKKK

SHALE FPERMEARILITY =0.10000E-0Z ™MD

SHALE THICKNESES = 1.00000 FT

FROFERTIES OF ABANDONED HOLES
KEKKKKKKKEKKKKKKKKK KKK KKK KK KKK KKK KKK KKK KR EK KKK XX KK KKK KK

¥ ABANXWELIL ¥DEFTH TO DEFTH TOXxMUD xGEL ¥CRITIC x
¥ WELLXDIAMXDISER ZONEXHZ20 ZONEXDENSITY*STRENGTH *FRESCSU X
X ¥ IN X FT ¥ FT ¥LE/GAL *ULE/I1IOQ0OFT2%x FESI %
KKK KKK KKK KKEKKKE KKK KKK KKK KK KK LR RKER KKK KKK KKK R KKK KKK
X 1 ¥ Q.6% SOQO0.00% 600.0x 9, 000X 100, 00%2T13. 164
X 2 X G.&%  SGO0.00% EDQ.OX  Q.000X 100, 00x2S13.18%
X T X Q.6 SO00.00x &EO0.0x  9,000X% 100, 00x2813., 16%
* 4 X Q.EXK TOOH. 00X 6OC. 00X  Q.000X% 100, 00%x2513.16%
X T X F.EEX SOOOQ, 00 &0Q0. 0% 9,000 100, Q0OXx2T1Z.16%
X & X Q.6%  SO00.Q0% OO 0% Q.000X% 100.00%2513. 16%
X 7 ¥ 9.8%  SOOO,00% EQO.0% 9.,000% 100, 00%2C13, 16X
X 8 % 2.86% SO000.00x HOQO. 0% 9, 000X 100, 00Xx2S132, 16%
* 9 % F.EXE SOOO.00x - 00,0 Q. COOX 100, 00%X2S1T. 16%
¥ 10 % F.6%  SO00.00% EQQ.0OX 9.000% 100, 00%2513. 1464
(1SS eSS PSS ESE LSS ICIPEELLTIEL LT PSS SISO RATETEELETEDSE

COCRDINATEES OF THE ABANDOMED WELLS

WELL # X Y
XXXEXX FT. . FT.
1 FO00 . Q00 SO0, OO0
2 ZO00, 000 1000, 000
= 4400, QOO0 THOC L 000
4 &LOQO, QOO0 4OGO, QOO0
5 &S00 . OO0 2500, 000
=) 000, OO0 4000, QOO0
7 QOO0 , OO0 2000, 000
8 7800, 000 LAO0 ., QOO0
< OGO, OO0 &OO0, QOO0
10 8000, OO0 7000, Q00

COCRDINATES OF THE INJECTIdN WelL

X= 4000.000 Y= 2000.000 FT.
INJECTION RATE =5000. BBL/DAY
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THOUSANDS OF FEET
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THOUSANDS OF FEET

CASE 1IV. GROUP 1, NO. 1

tL =5.90y
SEMI-INFINITE AQUIFER ®
45° FAULT ANGLE 10
t. =5.31y
K =100.00 MD Le
H =300.00 FT 8 t].“ﬁ.lly
§ = 0.200
9
NON-LEAKY SHALE
TOTAL TIME = 30 YEARS
Pcrit = 2513.16 psj_ §
M £, = 2.68y e, = 417y
® ®
4 6
t =
L i‘SBy
5 t =4.47y
L
e
= 1.47y 7
®
1
. R R \ , BOUNDARY
i 2‘ l3 'll" L] ¥ _: : : :
5 b 7 8 9 10
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N

FEET

THOUSAMNDS OF

ly

SEMI-INFINITE AQUIFER
45° FAULT ANGLE

K = 100.0 MD

i = 300.0 FT L :.6'43y
ﬁ = 0200 9
LEAKY SHALE
KS = 0.1E-02 MD '
S = 1.0 FT
Porie = 2513.16 pgy t, =2.73y =4.31y
e .
TOTAL TIME = 30 YEARS = 1.70y 4
‘ .
3
t ™ 2 .58y
L o
Q = 5000 BBL/DAY S t. =4.63y
L o
tL = 1.49y 7
¢
tL = 1.06y
®
2
ROLRDARY
t } t } I { } } .
1 2 3 Iy 5 6 7 9 10

THOUSANDS OF FEET
CASE IV, GROUP 1, NO. 2
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CASE IV GROUP 2

FROFERTIES OF THE DISPOSAL ZONE
P22+ 2 3333333232323 22322222222

" COMFRESSIEILITY = 0.S00E-0S 1/FSI
FERMEABRILITY = 100.000 MD
VISCOSITY = 1.0Q0 CP
THICENESS = J0Q.0Q FT

PORCSITY =0.200
1333232332225 2 2322223222 3230222222 24

FROFERTIES -OF THE SHALE LAYER
EXKKKEKX KKK X LXK XXX RIXXXXXKXK

SHALE FERMEARILITY =0.10000E-0Z MD
SHALE THICKNESS = 1.00000 FT

FROFPERTIES OF ABANDONED HOLES
P3P PP PRSP R PSSP LR 2 2222320200222 00 022088 P P
¥ ABANXWELL XDEPTH TGO xDEPTH TOxMUD *GEL . X¥CRITIC x
¥ WELLXDIAMXxDISF ZONEXH20 ZONEXDENSITYXSTRENGTH XFRESSU x
3 x IN x FT x  FT xLBR/GAL *LEB/1QOFTZx PSI x
2222200022202 2000008 0332252233022 02222002 08022552 %
?.6%x  S000Q.00x% &00.0x  2.000x 100.00x2513., 162

x 1 x
X 2 % 2.6% S000.00x 600.0x  9.000x% 100.00x2S13. 1&x%
X T x 9.6% S5000.00x 600.0%  9.000x% 100.00x2513.16%
X 4 x 2.6 S000.00x 500.0%x  9,000x% 100.00%2S13. 16%
x S ¥ 9.6% S000.00x 6500.0x 9.000x%x . 100.00x2513.1&%
x 6 X 9.6% S000.00x &£00.0% S.000x 100.0032513. 16X
X 7 %2 9.6% S000.00x 600.0x  9.000x 100.00x2513. 16%
x 8 x 9.46X S000.00x &00.0%  9.000x% 100.00%x2513. 16%
x 9 x 9.6% S000.00x% &00.0%  9.000% 100.00x2S13.16%
X 10 X 9.46% S0O00.00x% &00.0%x  9,.000x% 100.00x2517.16%
(PP PP PP PR PP PRSP R RN O PRSP P PP PPN PR PR PRSP

!

CODRDINATES OF THE ABANDONED WELLS

WELL # X Y

XXXXXX FT. FT.
1 SOOO,. 000 1S00.000
2 J000. 000 1000.000
= 44800, 000 ILO0. 000
4 SO0Q, QOO 4000. Q00
S 6500 . 000 2500.000
& 8000. Q00 4000, 000
7 000, Q00 2000, 000
8 7800 . Q00 6400, 000
9 OO0, OO0 &00Q0. QOO0
10 8000. 000 700Q, 000

COORDINATES OF THE INJECTION WELL

X= 22000,.000 VY= 1500.000 FT.
INJECTION RATE =S000. BEL/DAY




THOUSANDS OF FEET

0
7 | SEMI-INFINITE AQUIFER NO LEAK
180° FAULT ANGLE ({0
K = 100.0 MD NO(&EAK
6 i = 300.0 FT 8 NO LEAK
-t p = ,200 o)
9
LEAKY SHALE
5 1 KS = .1E-02 MD
HS = 1.0 FT
P = 2513.16 psi
y cric NO LEAK NO LEAK
o] o]
3]
NO LEAK
O
5 NO LEAK
2 7 Q
0= ;;PO BBL/DAY . NO LEAK
O
1 NO LEAK 1
1 o)
2
BOUNDARY
4 { : I t ' 1 ; ' ;
1 2 3 ly 5 € 7 8 9 10

- THOUSANDS OF FEET
CASE 1V, GROUP 2, NO. 1
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NO LEAK
7L = woun | S
SEMI-INFINITE AQUIFER "
90° FAULT ANGLE NO LEAK
6 H = 300.0 FT fe)
P = .200 g9
LEAKY SHALE
S T 4 —
5 KS = .1E-02 MD
i > HS = 1.0 FT
[T o7 .
o ,
& % P = 2513.16 psi NO LEAK NO LEAK
q crit
5 15 9 ?
Z TOTAL TIME = 30 YEARS NO LEAK 6
[42]
= (9]
(@]
I-:E 3
31
NO LEAK
O
5 ' NO LEAK
21 o
Q = 5000 BBL/DAY NO LEAK 7
O
by, = 15.56y 1
1l .
2
, , , \ BOUNDARY .
] L) 1 ] v T | : | %

l . 2 3 q 5 6 7 8 9 10

THOUSAMDS OF FEET
\SE 1V, GROUP 2, NO. 2

9



THOUSANDS OF FEET

SEMI-INFINITE AQUIFER L .22y
45° FAULT ANGLE ®
10
K = 100.0 MD £, =5.58y
= ®
" g = .200 °
9
LEAKY SHALE
KS = .1E-02 MD
HS = 1.0 FT
P = 2513.16 psi ,
crit £ =2.78y ¢ = 4.3y
L
TOTAL TIME = 30 YEARS ? o
L= 1.73y 6
]
3
£ =2,60y
t =4.63
5 L y
@
Q@ = 5000 BBL/DAY t, =1.50y 7
’ ®
1
tL =1.00y
BOUMDARY
} } t } 4 } t | } }
1 2 3 Iy 5 € 7 8 9 10

THOUSANDS OF FEET
CASE IV, GROUP 2, NO. 3
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CASE IV, GROUP 3
FROFERTIES OF THE DISFOSAL ZONE
ERKKEKKEKKKKKKKKEKRKKE KK KKK KK KKK K KKK

COMFREESIBILITY = 0.SQOQE-0S 1/FSI
PERMEARILITY = Z00.000 MD
VISCOSITY = 1.000 CF
THICKNESS = 0.0 FT

FOROSITY =0.200Q
AEKKKEKXKKKX KK KXEXKKXXKXKKKK KK KX KKXK

FROFERTIES OF THE SHALE LAYER
AXXEKEXEX XXX KKK KKAXXKXKXKRXX

SHALE FERMEARILITY =0.10000E-02 MD
SHALE THICKNESS = 1.00000 FT

PROFERTIES OF ABANDONED HOLES :
L2222 P02 0202200220200 020200002 0000000 SR
¥ ABANXWELLXDEFTH TO %DEFTH TOXMUD *GEL *xCRITIC x
¥ WELLXDIAMXDISF ZONEXH20 ZONEXDENSITYXSTRENGTH XxFRESSU X
X ¥ IN x FT 3 FT XL B/GAL *LEB/100FTZ2x FSI X
LSS PP PRPPPP0 0020200200002 082222200 0230202202222 20 00539
F.6%  SO00.00% &0C. QX F,Q00X% 100.Q0%2Z513. 16%

X 1 x

3 2 % Q.6x SO0OOQ,00x% 600,.0x 2,.000x 100, 0028130 16%
X T X 9.6% S000,00% 600.0%  9,.000% 100.00x2513. 146X
X 4 x Q.6% S000,.00x 600. 0% 9,.000x 100, 00x2517.16%
X S X 9.6% SO00,.00% E00. 00X 9,000X% 100.00%x2S13.16x%
4 6 X 9.6 S000.00x &00.0x  9,000x 100.0Q0Xx2T13. 16X
3 7 X Q.6%x SO00.00% EO0. 0% F.000% 1Q0.00%X2S513. 16X
b 4 8 % 9.6x S000,.00x LO0O. 0% 9,.000X% 100, 00%x2817, 16%
X 9 %X Q.46% SO00,00x% 5Q00.0x  2.000% 100.00%2513, 16%
¥ 10 x 9.6% S000.00x 600.0x  9,.000x 100.00x2817.16%
XEKKEKEKKK KK KR KKK KKK LR KKK KKK KKK AN KRR KKK KKK KKK KKK X

COORDINATES OF THE ABANDONED WELLS

WELL # X Y

XXXKKX FT. FT.
1 SO00. 000 1500, 000
2 I000., OO0 1000, OO0
3 4400, Q00 3600, 000
4 &OOO ., OO0 4000, 000
s 650G, Q00 200,000
& 8000, Q0G0 4000, 000
7 Q000 . 000 2000, 000
8 78Q0. Q00 &400.,. 000
@ 000, 000 Q00 ., 000
10 8OO0, 000 7000, 000

COORDINATES OF THE INJECTION WELL

T D S A G o [ e ke ek, S Sl S T T S S . — —— St e o —— e s >

X= 4000.000 Y= 2000.000 FT.
INJECTION RATE =S5000. BBL/DAY




THOUSANDS OF FEET

(Sa )

<

W

INFINITE AQUIFER

NO LEAK

O
< = 300.0 MD 10
H = 50.0 FT NO LEAK
¢ = .200 sg NO LEAK
(@)
LEAKY SHALE g
KS = 0.1E-02 MD
HS = 1.00 FT
TOTAL TIME = 30 YEARS
P, =2513.16 pgq
crit ps NO LEAK NO LEAK
O O
NO LEAK 4 6
)
3
NO LEAK
\ 0O
Q = 5000 BBL/DAY 5 NO LEAK
, .
2 o)
NO LEAK 7
NO LEAK F?
O
]
f } t } { } t t } f
1 2 3 4 5 6 7 8 g9 10

THOUSANDS OF FEET
CASE IV, GROUP 3, NO. 1

aL9



THOUSANDS OF FEET

AN

i

[y

LS =

CASE 1V, GROUP 3, NO. 2

THOUSANDS OF FEET

P

{
i

NO LEFAK
[ SEMI-INFINITE AQUIFER C}O
180° FAULT ANGLE
NO EFAK
¢ = 300.0 MD
H= 50.0FT 8 “OOLEAK
ﬂ = ,200 9
LEAKY SHALE
KS= 0.1E-02 MD
HS= 1.00 FT
TOTAL TIME = 30 YEARS ¢ =19.08y NO LEAK
P = 2513.16 “e o
crit e psi t. =6.19y 4 6
K
t, =10.20y
L g
5 NO LEAK
y2 4 o
£, =2.26y 7
®
£, = 2.52y 1
+ °
2
. , , , . BOUNDARY . . . .
¥ ¥ ¥ ¥ 1 1 1 t 4 T
1 2 3 4 5 6 7 8 g 10

289



THOUSANDS OF FEET

\ 2

(S g

s =~y

SEMI-INFINITE AQUIFER
90° FAULT ANGLE

THOUSANDS OF FEET

CASE TV, GROUP 3, NO. 3

K = 300.0 MD =1.89y
H = 50.0 FT : g, = 2-13y
| p = .200 5‘
LEAKY SHALE
KS = 0.1E-02 MD
- HS = 1.00 FT
E TOTAL TIME = 30 YEARS
= S . = 0 =
) crit 2513.16 psi £ 99y £, = 1.39
-3 * ?
a ¢ =0.98y 6
Le
3
£ =.0.99y
Q = 5000 BBL/DAY 5 £ = 1.44y
: & ®
tL = 0.96y 7
?
tL={)..96y :
[ 2
' 1 Il i IBOUNDARYA 'y i 1
L} T 1] T T L 1] ] ¥ :‘
1 2 3 Iy 5 6 7/ 8 9 10

J69



o

Y

Ui

THOUSANDS OF FEET

N

i
1

t =0,
SEMI-INFINITE AQUIFER Le 0.93y
45° FAULT ANGCLE
L= 0.93y
K = 300.0 MD ®
H = 50.0 FT 8 t; =0.93y
p = 0.200 ®
9
 LEAKY SHALE
KS = 0.1E-02 MD
HS = 1.00 FT
TOTAL TIME = 30 YEARS x\
) 2513 16 e, =0.88y £, = 0.91y
crit B ‘ pSi %0 ‘ .
4 6
.86y
t. =0.88y
L
®
Q =5000 BBL/DAY 3 t, =0.92y
®
t =0.85 7
L y
®
1
BOUNDARY
t i i t } t
5 ) / 8 9 10
THOUSANDS OF FEET
CASE IV, GROUP 3, NO. 4
N

7

04



CASE IV GROUP 4

FPROFERTIES OF THE DISFOSAL ZONE
xxxxxxx:x:xxxxxxxxxxtxxxxxxxxxxxxxx
0.S0QOE=-QS 1/FSI

COMFRESSIRILITY =
FERMEABRILITY = 300.000 MD
VISCOSITY = 1.000 CP
THICKNESS = SQ00 FT

POROSITY =0.200
1223333333332 3322223 2202222002220 282"

FROFPERTIES OF THE SHALE LAYER
EXXXXXXXEEXXXEXXXLTIXXXXXXXKKXXK

SHALE FERMEARILITY =0.10Q00E-QZ MD
SHALE THICKNESS = 1.00000 FT

FROFERTIES OF ARANDONED HOLES
223222222232 032232 3232222203 230222 2220222222202 2035022291
X ABANXWELLXDEPTH TO xDEPTH TOXMUD *GEL *CRITIC x
¥ WELLxDIAMXDISP ZONExH20 ZONEXDENSITYXSTRENGTH *PRESSU x
X * IN x FT X FT xLB/GAL xLB/100OFT2x PSI x

L2222 2252222232022 2222222222323 2 3232008382 2223232 3¢
?.000x 100.00x2313Z.14%

x 1 £ 9.6x S000.00x 600.0%
X 2 £ 9.6%x S000.00x 6£00.0%  9.000x% 100.00x2S13.16%
x T x 9.6 S000.00x%x 600.0x  9.000x 100.00%X2S513. 16%
x 4 x P.6x S000.00x 600.0%x 9.000% 100.00%x2S13. 16%
x S X 9.6 S000.00x  &00.0%x 9.000% 100.00%x2S513. 1462
x & X 9.6% S000.00x &£00.0%x  9.000% 100.00%x2513. 16%
X 7 2 9.6 S000.00x 600.0x 9.000x 100.00x2S513. 16X
x 8 X 9.6% S000.00% 500.0x  9,.000% 100.00%2S13.16%
x 9 x 9.6 S000.00% 6£00.0% 9.000% 100.00%x2513. 16X
X 10 x 9.6% S000.00x 600.0%x 9.000% 100.00%X2513. 16X
1 2222202 P PR332 32 002222022802 23222223 0222222233222 02331

!

COORDINATES OF THE ABANDONED WELLS

WELL # X Y

XXXXXX FT. FT.
1 SO0Q., 000 1S00.000
2 I0QQ. 000 1000Q.000
3 4400, GO0 3600.000
4 Q00 ., OO0 4QQQ., Q0Q
S &S00, 000 23500.000
& 8000. 000 4000, 000
7 00O, 000 2000.000
8 7800. 000 &400, 000
4 FOQ0. OG0 60Q0. Q00
10 8000. 000 7000, 000

COCRDINATES OF THE INJECTION WELL

= 2000, 000 Y= 1800.000 FT.
INJECTION RATE =S5S000. EBL/DAY

71C



THOUSANDS OF FEET

: NO LEAK
7 - INFINITE AQUIFER
Qo
K =300.00 MD NO LEAK
H = 50,00 FT E?
¢ = .200 NO LEAK
0 o
LEAKY SHALE 9
KS = .1E-02 MD
54 HS = 1.0 FT
P = 2513.16 psi
crit
I NO LEAK NO LEAK
X TOTAL TIME = 30 YEARS o ‘ o
NO LEAK i 6
O
3
3 R
NO LEAK
O
5 NO LEAK
2 - o
0 = 5000 BBL/DAY NO LEAK 7
NO LEAK ?
1. 0O
V]
: = " ’ ’ ’ i : } ;
1 2 3 4 5 € ] 8 9 10

THOUSANDS OF FEET

Vs

CA§§ 1V, GROUP 4, NO. 1

el



THOUSANDS OF FEET

</ - N | \
7 1 SEMI-INFINITE AQUIFER NO LEAK
‘ 180° FAULT ANGLE E%
K = 300.0 MD NO ‘*EA(K)
6 H - 50.0 FT D Mo LEAK
-4 p = .200 O
9
LEAKY SHALE
6 | KS = 0.1E-02 MD
-0 Kii = 1.0 FT
TOTAL TIME = 30 YEARS
_ NO LEAK NO LEAK
y | Pt 2513.16 psi ? 0
t =19.36y
. L .
3
31
NO LEAK
Q)
) 5 NO LEAK
A1 O
Q0 = 5000 BBL/DAY £ = 9.69y | 7
£y =1.68y '
L
1 o
2
. . , . BOUNDARY ‘ .
% 1 t 1 1 ¥ $ } 1 }
1 2 3 I 5 € 7 8 9 10

THOUSANDS OF FEET
CASE IV, GROUP 4, NO. 2

JeL



THOUSANDS OF FEET

7 SEMI-INFINITE AQUIVER £ =217y
I 90° FAULT ANGLE ®
. 10
K = 300.0 MD t, =1.94y
H = 50.0 FT g = 2.25y
6+ g = .200 o
9
LEAKY SHALE
5 KS = .1E-02 MD
i Kl = 1.0 FT
>.
y g TOTAL TIME = 30 YEARS ¢ =1.00y e =152
‘“‘:03 P = 2513.16 pgi 4‘ ?
el crit tL = 0.98y
®
3
3
t =0.99y
05 ,
t = l..()Z
2 4 L
0 = 5000 BBL/DAY ®
t[ = 0.97y 7
o . S
T @
2
BOUNDARY
: = : : ’ ’ i = : '
1 2 3 Yy 5 ¢ 7 8 g9 10

" THOUSANDS OF FEET
, ((L,*l‘ IV, GROUP 4, NO. 3

4} 74



THOUSANDS OF FEET

THOUSANDS OF FEET

CASE 1V, GROUP 4, NO. 4

SEMI-TNFINITE AQUIFER t, =0.93y
45° FAULT ANGLE ]00
K = 300.0 MD t =0.93y
n = 50.0 FT ® £, =0.93y
¢ = .200 8 ®
9
LEAKY SHALE
KS = .1E-02 MD
KH = 1.0 FT
it = 0-89)’ ¢ - O.9ly
TOTAL TIME = 30 YEARS ° Lo
P _ 4 .
erit = 2513.16 pgy g =086y 6
®
3
=0.8
£ 8y
®
t = .
L 0.92y
= 5000 BBL/DAY e
Q= BBL t. = 0.85y 7
o e
= 1
t. 0.80y
°
2
BOUNDARY
: : % i 1 '. N \ N
’ 4 T 1 ' 4
1 2 3 5 € 7 8 9 10

J5L



THOUSANDS OF FEET

18000 FT . = .98y
74 RECTANGULAR AQUIFER  ————m BOUNDARY-———- L
LENGTH = 25,000 FT ®
WIDTH = 25,000 FT t, = .97y
K = 300.0 MD ¢ £, = .98y
6+ H = 50.0 FT ®
g = .200 9
LEAKY SHALE l
> 1 |
KS = .1E-02 MD
> [
Eg Kii = 1.0 FT éé“
(=]
y | 3 TOTAL TIME = 30 YEARS £, = 9% t, = .96y §§
4 A ‘ , ~
= 2513.16 psi : ® 6.
crit t:L = ,93y
@
3
3|
£ o= .95y
°
t, = .97y
2 4 "o
Q = 5000 BBL/DAY £ = .93y 7
L=
o ©
t, = .90y 1
L
11 °
2
BOUNDARY ,
% + { } § { 1 t } }
1 2 3 ly 5 € 7/ 8 9 10

THOUSANDS OF FEET
CASE TV, GROUP 4, NO. 5

/’\
[

294



i x IN X FT X FT

CASE IV, GROUP &
FROFERTIES OF THE DISFOSAL ZONE
EXKKEKEKKKERK KKK KE KKK KKK KK KKK KX KKK

COMFRESSIEILITY = 0.3500E-0S 1/PSI
FPERMEARBILITY = 3500.000 ™MD
VISCASITY = 1.000 cF
THICKENESS = S0.0 FT

FORASITY =0.200
AXKEKEKKKKEKELXE KK EKRE KKK K KKK K KKK KKRK

FROFPERTIES OF THE SHALE LAYER
AXXXEXKEXXXXXKKKXXRKXKXRKKKEXKR

SHALE FERMEABILITY =0.10000E-0Z MD
SHALE THICKNESS = 1.00000 FT

FROFERTIES OF AEBANDONED HOLES .
L PSSP PP P S I T R PR 022020228 302000200208 20 92
¥ ABRANXWELL XDEFTH TO *DEFTH TOXMUD ¥GEL *CRITIC X
¥ WELL*DIAMXDISF ZONE*HZO ZONEXDENSITYXSTRENGTH *FRESSU X
*LB/GAL XLEB/100FTZ2x PSI X
ES S PO+ P22 0002220802022 00200 002022222202 2200 01
600.0% F.000% 100.00%2Z313. 16%

X 1 ¥ .6 SO00,.Q0x

b 4 2 % 9.6x S0O00,00x%x &600.0%x  2.000x% 100Q,00%x2513. 16%
X T X 2.6 S000.00x% L00.0% Q,000x 100.00x2T13T. 16X
b 4 4 x P.6% SOQ0.00x% 600.0%  9.000x% 100, 002517, 16%
% S ¥ 9.6% S000.00% E00.0%x  9,.000x% 100.Q0Xx2513. 16X
X & X F.6%x  SCO0. 00X 600, 0% 9,000 100.00x2T13. 16X
4 7 X 9.6% SO00.00x 000X  Q.000x% 100.00x2S13Z. 16X
X 8 x 9.6 ISOOO.00X &00.0% 9.000X 100, 00%x2513. 16X
X 9 X P.6% SOOGO.00x% 600,00  9_.000x 100.00%x28132.16%
¥ 10 X P.6%X  S000.00% 600, 0%  9.000x 100, 0025132, 16X
EXEEKEKKKEKKEKE KKK KKK LR KKK KKK KKK KKK KKK KA KKK E KKK EK KKK

COORDINATES OF THE ABANDONED WELLS

WELL # X Y

XK KKK FT. FT.
1 S00Q, 000 13500.000
2 JO00, 000 1000, QOO0
z 4400, OO0 T600. 000
4 . &00Q, OO0 4Q00Q. 000
S 6500, 000 2S00, Q00
é 8000, Q00 4000, 000
7 FOOO. 000 2000. 000
g8 7800, 000 L4000, Q00
9 000, Q000 600G, 000
10 8000, OO0 7000.000

COORDINATES OF THE INJECTION WELL

. ot e e e antte st . s

X=

34000, 000

Y= Y¥500.000 FT.
INJECTION RATE =5000. EBL/DAY

77C



8L

NO LEAK
7 4 SEMI-TNFINITE AQUIFER o
180° FAULT ANGLE 10
NO LEAK
K = 300.0 MD O
6 -+ i = 50.0 FT _ ‘ 8 NO LEAK
g = .200 ' ?

LEAKY SHALE

54 KS = .1E-02 MD
E HS = 5.0 FT
i
& Porir = 2513.16 psi ¢ = 16.30y
o 01 L . NO LEAK
g TOTAL TIME = 30 YEARS ] ° W)
5 L = 8.65y
= ®
g 3

31

= 12.80
£ y
@
5 NO LEAK
2 T ] . 0
Q = 5000 BBL/DAY t, = 4.7y 7
t. = 3.43y 'q
L
L1 ¢
BOUNDARY
; t ' t —+ } 1 } } }

1 2 3 I 5 € 7 8 9 10

THOUSANDS OF FEET

CASE 1V, GROUP 5, NO. 1
—

ey
17
X




THOUSANDS OF FEET

NO LEAK
/- SEMI-TINFINITE AQUIFER Cﬁo
80° FAULT ANGLE
180° FAULT ANGI NO LEAK
= 300.0 MD S? NO LEAK
6 - H = 50.0 FT o
@ = .200 9
LEAKY SHALE
D - KS = 0.1E-02MD
HS = 10.0 FT
Porit = 2513.16 psi t =15.10y t. =26.29y
4 | L ° L °
TOTAL TIME = 30 YEARS e, = 8.30y 4 6
®
3
3 _
tl = 11.99y
R+
= 26.62
? ] tL .26 6 y
0 = 5000 BBL/DAY £ = 4.59y 7
o °
: t = 3.49y
1. Le
2
_ _ . BOUNDARY
¥ ¥ 1 1 1 t ] t } }
1 2 3 Iy 5 € / 8 q 10

THOUSANDS OF FEETV
CASE IV, GROUP 5, NO. 2

6L



80C

CASE IV, GROUP 6

PROFERTIES OF THE DISFOSAL ZONE
KEKKKKKKEKKKKKKKKRKKRRK KKK KA X KR KK KKK
COMFPRESSIEBILITY = 0.S00E-0S 1/FSI

FERMEARILITY = 3J00.000 ™MD
-VISCOSITY = 1.090 CF
THICKNESS = S0.0 FT

FORAQSITY =0.200
EXKKKEKKEX XXX KK XKXRXKKXXKXXRKKRKX KK XX

FROFERTIES OF THE SHALE LAYER
KXKKKKKXKKKX XXX KKXKKKKKKKKKKX

SHQLE'PERMEABILITY =0 . 10000E-Q02 MD
SHALE THICKNESS = 1.00000 FT-

FROFERTIES OF ABANDONED HOLES
EXKKEKKKEKEKKE KKK RKR KKK KKK KKK KKK KRR KK KK KKK KKK KKK XK KKK X
¥ ABANXWELL XDEFTH TO %DEPTH TOXMUD Gzl *CRITIC x
¥ WELLXDIAMXDISF ZIONEXHZ0 ZONEXDENSITYXSTRENGTH *FRESSU X
% X IN X FT X FT "X¥LB/GAL XLEB/10OFTZXx FSI X
KEKEKKEKEKKKLKRKKLKKEKEKKKK KK KKK EKKEKKKKER A KK KKK KR KKK KK KKK KX

X 1 x Q.6% S00Q0.,00x &00,.0%x  8.4600x SO.00Xx2T22.SEX
b 4 2 X 9.6x SO00.00x &60Q0C.0%x 8.600x% SO.00Xx2T22.28%
b 4 3 X 9.6 TO00.00x% &00.0x 8.600x S0.00%x2322.S8x
X 4 X 9.6% SOOQ0.00x% 600.0%x 8.600x SO.00%x2T22.58%
X S X 9.6 SO0Q.00x 600.0%x 8.600x SO.00%x23T22.58%
X 6 X 9.6% SOOO.Q0X &00.0%x  B.&00x S0.00%x2T22.S8x%
X 7 X F.6%  SO0Q.00x &00.0%x 8.600x SO.00%23T22.58x
X 8 x 9.6%x SO00.00x E00.0%x 8.600x S0.Q0X2T22.S8x%
X 9 X P.6% Z000.00x &Q0.0x  8.600X SO.00X%23T22.58x%
X 10 X 9.86% SQ00,00x 600, 0%  8.600x SO.O0X2T22.58%
XEKEEXKKEEX KKK KEK KX AR KKK KK KEX KK KKK KKK KKK KKK RKEKRKKK KKK KK XK X

COORDINATES OF THE ABANDDNED WELLS

WELL #
XxXXXX

[y

COONO DM

X

FT.
S000. Q00
J000. Q00
4400, QOO0
&OO0, Q00
6300. 000
800Q. 000
FOOO. 000
7800.00Q0
F0Q0. 000
8000. 000

Y

FT.
1500.000
1000Q.000
Z600. 000
4Q00 ., 000
2S00. 000
4000, 000
Z000. 000
6400, 000
6000. 000
7000.000

COORDINATES OF THE INJECTION WELL

X= 4000.000

Y= 2000.000 FT.

INJECTION RATE =S5000. BEL/DAY

/'ﬁx‘

S



THOUSANDS OF FEET

Ul

i

N

INFINITE AQUIFER =¢P’50y '
K = 300.0 MD 10
H = 50.0 FT t :'S.OIy
= .200
# 8 t = 6.50
L @ 1
LEAKY SHALE 9 |
KS = 0.1E-02 MD
Hs = 1.00 FT
P = 2322.58
cric " psi
TOTAL TIME = 30 YEARS ty, = 1.00y t;, = 2.66y
; :
t = .99y 4
®
3
t. = 1.00 ;
L o d ;
Q = 5000 BBL/DAY 5 ty, = 3.45y :
. t
- 7
tL .98y
o
£, = .99 1
®
2
} } { } } } t t } .
1 2 3 4y 5 6 7 8 9 10

THOUSANDS OF FEET

CASE TV, GROUP 6, NO. 1

J1g



THOUSANDS OF FEET

(Sa ]

-~

N

L =0.99y
4 . '?0
SEMI-TNFINITE AQUIFER
180° FAULT ANGLE t, =0.99y
K = 300.0 MD ® 099
H = 50.0 FT 8 tl.’ e
@ = .200 9
LEAKY SHALE
< KS = 0.1E-02 MD
HS = 1.00 FT
P = 2322.58 i = 0.96
erit pe L . y t; =0.98y
TOTAL TIME = 30 YEARS ¢ =0.95y 6
L @
3
) - 0.96
£ y
‘ ? 0.98
0 = 5000 BBL/DAY 3 e, = 0-9%
4 ®
t. = 0. 7
L ?? 94y
= 0.94
£ y
4 ®
2
BOUNDARY
! } t } t } t } } }
1 2 3 ) 5 b / 8 9 10

THOUSANDS OF FEET

CASE 1V, GROUP 6, NO, 2

28



THOUSANDS OF FEET

vl

—
——

/ff\
t =0.95y
4  SEMI-INFINITE AQUIFER Lo
90° FAULT ANGLE 10
= 0.94
K = 300.0 MD tL @0
t .95y
1 i = 50.0 FT L ®
p = .200 9
LEAKY SHALE
-+ KS = 0.1E-02MD
HS = 1.0 FT
P = 2322.58 psi
erit P t; = 0.92y ¢ = 0.93y
18 ° L e
§ TOTAL TIME = 30 YEARS £, =0.90y 6
(-
3
4
£, =0.91y
_ o
Q = 5000 BBL/DAY 5 , t. =0.93y
- L
4 Of ®
£, = 0.89y A 7
0.88 ?
t, =0.88y 1
BOUNDARY
t i t t { — t t } +
1 2 3 i 5 b / 3 9 10

THOUSANDS OF FEET

CASE IV, GROUP 6, NO. 3

J€8



THOUSANDS OF FEET

SEMI-INFINITE AQUIFER
45° FAULT ANGLE 10
t =0.86y
¢ = 300.0 MD L o
~ : .86
H = 50.0 FT 8 tL ° y
g = .200 o
LEAKY SHALE
KS = 0.1E-02 MD
HS = 1.0 FT
P__. = 2322.58 psi
crit p ¢ = 0.82y t, =0.84y
L ‘ ‘
TOTAI, TIME = 30 YEARS %t =0.79y 4 6
®
3
t =0.8ly
. @
0 = 5000 BBL/DAY 5 ¢. =0.85y
L
®
£, = 0.79y 7
B
£ =0.77y 1
o
2
BOUNDARY
4 t { } ! } t } } +
1 2 3 4 5 6 / 8 9 10

THOUSANDS OF FEET

CASE TV, GROUP 6, NO. 4

b8



THOUSANDS OF FEET

P W

N

18000 TT = .90y
__________ L ’
RECTANGULAR AQUIFER BOUNDARY @
10
LENGTH = 25,000 FT = .90y
WIDTH = 25,000 FT [ ) . 90
8 L " y
K = 300.0 MD
H = 50.0 FT ?
) = ,200
A
LEAKY SHALE gﬁa
KS = 0,1E-02 MD 83
O HS = 1.0 FT = 29
P - 2322.58 . ® e |
crit P t, = .86y 6 |
@
TOTAL TIME = 30 YEARS 3
t. = .87y
o Lo
Q = 5000 BBL/DAY 5 tL = .89y
®
t. = .85y 7
L
?
tL = 84y
@
2
. . BOUNDARY
{ { } { § $ $ : ! +
1 2 3 Iy 5 6 / 8 9 10
THOUSANDS OF FEET
CASE TV, gROUP 6, NO. 5

258



86C

CASE 1V, GROUP 7

FROFERTIES OF THE DISFOSAL ZONE
1332222333522 23 2230320022220 2220 058"

COMFRESSIRILITY = 0.S00E~-QT 1/FSI

FERMEABILITY = Z00.000 mMD ’
VISCOSITY = 1.000 CF
THICKNESE = S0.0 FT

POROSITY =0.200
EAXXE KK KX KX KE XXX XXX XXX KK XK KX KX

FPROFERTIES OF THE SHALE LAYER
KRKKKKKKK KKK XEKXKXR KX

SHALE FERMEABILITY =0.10000E-0Z MD
SHALE THICKNESS = 1.00000 FT

FROFERTIES OF ABANDONED HOLES
*XX*X*XX**XX*****X*X*X*****X**X**X*X****X*X**X******X*X**
X ABANXWELLXDEFTH TO DEFTH TOxMUD ¥GEL ¥CRITIC x
¥ WELLXDIAMXDISF ZONEXHZ0 ZONEXDENSITYXSTRENGTH XFRESSU X
X ¥ IN x FT X FT *LE/GAL xLB/10O0OFTZXx FSI X
KEKEKKEXK KK KK LK KKK KK KKK KKK KKK KKK KRR KKK KKK KK KK AR KK KKK XK

X 1 X 9.6% S000.00x &00.0% 8.4600x% 250.00%x2668. 0%
X 2 X'9.6%x SO0Q.00x% &00.0%x B.&600X% 2T0.00%2668. 0%
X I x 9.6% S000,00x &00.0% 8.600% 2T0.00%26468.90%
4 4 X Q.6 SO00.00% &00.0%x  8.&00x% 250.00%2668. 20%
¥ S x 9.6x S000.00x &00.0x 8.600x% 250.00*2668.90*
X 6 X Q.6% Z000.00x% 600.0x B8.600x SO.00X2668. 90X
X 7 X 9.6% S000.00x% 600.0x 8.&600x SO.00%x2668. 0%
X 8 x F.6% SO00.00% &Q0.0%x B8.600x 250.00%2668. 90X
X ? X _9.6%x SO00.00%x . L00.0x%x 8.600x% 2S0.00%x26468. F0X
X 10 % 9.6%x SO000.00x 6O0.0%  8.600% 250.00X2668. 20X
AKX AR KL KX KKK KKK LXK KKK KR KKK KKK XXX KX X KRR KX

]

COORDINATES OF THE ABRANDONED WELLS

WELL #
XXXXXX

SO DN U P L)

oy

X

FT.
SO00.000
IJ000. 000
4400.000
6000. 000
&800.000
8000. 000

F000. 000

7800.000
F000.000
8000.000

Y

FT.
1500, 000
1000, 000
Q0. Q00
4000,.000
2500.000
4Q00.000
2000, 000
&6400.000
6000.000
7000,000

COORDINATES OF THE INJECTION WELL

X= 4000, OQ0
INJECTION R

= 2000.000 FT.

ATE

=5000. BEL/DAY




THOUSANDS OF FEET

N

v

i g

NO LEAK
(@)
INFINITE AQUIFER 10
NO LEAK
K = 300.0 MD cg NO LEAK
i = 50.0 FT o
¢ = .200 3
LEAKY SHALE
KS = .1E-02 MD
s = 1.0 FT
P = 2668.90 psi :
crit ps NO LEAK NO LEAK
O O
TOTAL TIME = 30 YEARS NO LEAK 4 6
O
3
NO LEAK
i 0]
Q = 5000 BBL/DAY 5 NO LEAK
Q
NO LEAK
NO LEAK ?
O
)
} } f } } } t t } t
1 2 3 4y 5 6 / 8 9 10

THOUSANDS OF FEET

CASE IV, GROUP 7, NO. 1

L8
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CASE V
EFFECTS OF ANISQTROPIC PERMEABILITY
Illustrating effect of anisotropy for two cases; a sealing fault

and a partially sealing fault. In each case an isotropic run
KX/KY = 1 is contrasted with a run for Kx/Ky = 0.25.




CASE V

PROPERTIES OF THE DISFOSAL ZONE
AR LKL AL LXK KR K LXK RXXX

COMPRESSIBILITY = 0.5S00E-Q0S 1/PSI
PERMEABILITY = J00.000 MD
VISCOSITY = 1.000 CF
THICKNESS = T0.0 FT

PORGCSITY =0.200
AEEXEX XXX XL LXERKLXLXRKKXAXXXXAKRXXXXX

FROPERTIES OF ABANDONED HOLES .
KEKKKEKKEKKKKKKKKKEKKKEEKR KKK KKK KK KKK KRR KRR KRR KKK R KKKKK
¥ ABANXWELL XDEFTH TO *DEFTH TOXMUD XGEL *CRITIC x
¥ WELLXDIAMXDISF ZONEXHZ0 ZONEXDENSITYXSTRENGTH *FRESSU X
X ¥ IN x FT X FT ¥LB/GAL XxLB/1OOFT2% FPSI X
KEXKKKEKEKEKEKKKKKKREKELKKEKEK KR KK KEKLR KKK KKK KKK KKK KKKEKX
100,Q0X%251Z. 16%

X 1 ¥ F.6x S000,00% S00.0%x  F.000%

X 2 %X 9.6%x S0O00.00x% 600.0%X 9,000x 100.00%x2T135. 16%.
X 3 % 9.6% S000.00x% 600.0%x  9,.000% 100.00x2513.16%
X 4 % 9.6% S000.00% 600.0%x  2.000% 100.00%x2513. 156X
¥ S x 2.6% TO00.00x% 600.0% F.000x% 100.00%xZ513. 16%
EXKKKKXKEKLEKEKKKKEKEKEKKEKKKR KK KR KKK KKK KKK KR XK KK KRR KKK KX

COORDINATES OF THE AEANDDNED WELLS

WELL # X Y
KEKKKKXK FT. FT.
1 4Q00. Q00 13006.000
2 2000.000 1000.000
3 &000. 000 J000. 000
.4 goog ., 000 2000, 000
S 4000.000 4000, 000

COORDINATES OF THE INJECTION WELL

X= 4000.000

INJECTION RATE =3000.

Y= 2000.000 FT.

EEL /DAY

89C



THOUSANDS OF FEET

(O |

P g

N

Isotropic Permeabhility

kx / ky = 1.0

Semi-Infinite Aquifer
180° Fault Angle
K = 300.00 MD
H = 50.00 FT

# = .200
Non-Leaky Shale
P = 2513.16
erit 513.16psi
Total Time = 30 years
tL = 5.97y
L
5
t;, = 5.99y
®
3
0 = 5000 BBL/DAY £t =11.27y
@
4
t. = 1.00y
= 4.01 L@
BOUNDARY
1 2 4 5 b / 8

THOUSANDS OF FEET

CASE V, NO.

Cﬁ?ﬁ

1

206



THOUSANDS OF FEET

Anisotropic Permeability

K /K = 90.25
X y

Semi-Infinite Aquifer
180° Fault Angle

K = 300.00 MD

i 50.00 FT

] .200
Non-Leaky Shale

i onow

S
PP

THOUSAMNDS OF FEET

CASE Vv, NO. 2

TP = 2513.16 psi _
Total Time = 30 years t;, = 16.61y
] ®
5
tL = 8.99)’
o
3
Q = 5000 BBL/DAY ty = 203
®
. 4
ty, = 2,92y
tL = 4,32y e
1
»
BOUNDARY
i 2 3 I 5 6 7 S

kD‘L

J16



=

THOUSANDS OF FEET

S

Isotropic Permeability

K / K = 1.0
X
K = 300:00 MD
a = 00 ¥7
Partially-Sdaling Fault
K¢ = ,00002 MD
We = 3,0FT
Non-Leaky Shale
Perict = 2513.16 psi
Total Time = 30 years
t = 6.00y
®
5
= 6.02
CL y
@
3
Q = 5000 BBL/DAY g = 11.34y
®
4
tL = 1.00y
£, = 4 03}' ‘
+ ’ 1
PARTIALLY-SEALING FAULT
1 2 4 5 § / 8

THOUSANDS OF FEET
CASE v, NO. 3

26



THOUSANDS OF FEET

7
Anisotropic Permeability
K /K = 0.25
X y
b
K = 300.00 MD
I = 50.00 ¥t
g = .200
' Partially-Sealing Fault
51 Kg = .00002 MD
Wg = 3.0 FT
Non-Leaky Shale tl = 12.01y
| Porie = 2513.16 psi ‘.
Total Time = 30 years 5
t, = 7.21y
"
3 )
0 = 5000 BBL/DAY £, = 8.95
2 o
L
4
' tL = 1.79y
b, = 4.47y ?
1 »
PARTITALLY-SEALING FAULT
1 2 3 i 5 § / 2

THOUSANDS OF FEET
CASE V, NO. 4

226
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CASE VI
EFFECTS OF FINITE RESERVOIR VOLUME

A series of runs for a reservoir of square
"side length 25000 ft.illustrating effects of

values of P__._, X_/h_, K and h on the time
crit s’ s

for on-set of leaking in abandoned wells.
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" CASE VI, NO. 1

FROFPERTIES OF THE DISFOSAL ZONE
13333522523 523 2322035552302 32202 202

COMFRESSIRILITY = 0,S00E-0QS 1/FSI
PERMEARILITY = 100.000 ™MD
VISCOSITY = 1.000 cP
THICKNESS = Z00.0 FT

FOROSITY =0.200
1325335332233 302322323232¢22222200 2]

FROFPERTIES OF ABANDONED HOLES
L2220 202232220202 202032320220303002080820220208203 08209
*x ABANXWELLXDEFTH TU *DEPTH TOXMUD xGEL *CRITIC «x
¥ WELLXDIAMXDISF ZONEXHZO ZONEXDENSITYXSTRENGTH f*FRESSU X

X ¥ IN X FT X FT XLEB/GAL XLB/100FT2%x FSI X
S P22 LL LSS0 L0200 2222 32223320202 222002 0830202
X 1 ¥ 9.6%x S000.00x% 600.0x 9,000% 100.00%2313. 1&%
X 2 % 9.6%x S000.00x% 600.0% 9.000% 100.00%XZ513. 16X
X I X F.6%x S000.00x 600.0x 9.000x 100.00x%x2512. 16X
X 4 X 9.6% S000.00x% 600.0x  9.000% 100.00x2513. 16X
X S x 92.6% TS000.00x 600.0x 9.000x 100.00%2513. 16X
X & X 9.6% S000,.00x &600.0%x  9.000x% 100.00x25135. 16X
X 7 % F.6% S000,.00x &£00.0x  ?,000x 100.00x23137. 16X
-7 X 8 X F.6%x IZ0O00.00x% &600.0x  2.000x 100.00x25135. 16X
- x % X F.6% S000.00%x  600.0%x 9.000% 100.00%2513. 16%
R ¥ 10 X P.6%x ITO00.00% 600,.0x 9.000% 100.00%2513. 16%
2222282022200 2022233332222 20205 00220232223 32223 05028

COORDINATES OF THE ABANDONED WELLS

WELL # X Y

XXXXXX FT. FT.
1 S000.000 1300.000
2 3000. 000 1000.000
= 4400. 000 S&00. 000
4 6000.000 4000.000
S 6500.000 2500. 000
1) 8000.000 4000.000
7 F000.000 2000. 000
8 7800.000 &400.000
9 FQ00. 000 &000.000
10 80Q0. 000 7000.000

COORDINATES OF THE INJECTION WELL

1500.000 FT.
BBL/DAY

X= 2000.000 VY=
INJECTION RATE =5000.
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SYSTEM CONFIGURATION

NON-LEAKY SHALE

BOUNDED AGUIFER

. LENGTH = ZS000. FT

. WIDTH = 2E2000. FT

. AREA =1343248.02% ACRES

TIME OF INVESTIGATION= Z0.00 YEARS

REXEXXEXEXKEA KX KA KL XRIXRKEXRXXKXKXKXR
¥ABANDON *CRITICAL XLEAKING XTIME TO X%
¥ WELL ¥FPRESSURE X ¥LEAK X
X # X FSI X ? *YEAR X
L2222 PSP ER 2202220202020 22282223 28D

X 1 ¥221Z.185 x  YES X 4,09 x
X 2 X¥2313.16 x YES ¥ Z.16 x
X z ¥2513.16 % YES % 4,26 X%
X 4 ¥251ZT.16 % YES X 4,469 X
X S ¥ZS13.16 % YES X 4,62 X
X & ¥2T13.16 % YES ¥ S5.07 x
X 7 X2T51ZT.16 X% YES ¥ S.12 x
X 8 x2513.16 X YES ¥ 5.2 X
£ 9 ¥251Z.16 % YES ¥ S.41 %
X 10 251Z.16 %  YES ¥ 5.3 X
2SS LS SR EILIOTL LSRRI LTSRS SIS



THOUSANDS OF FEET

(S|
!

18000 FT

RECTANGULAR AQUIFER . e BOUNDARY~~==- I = 5.38y
LENGTH = 25,000 FT - *0
WIDTH = 25,000 FT
= 5.29y
= 100.0 MD -
H = 300.0 FT tL. >.41y
= .200 9
NON-LEAKY SHALE
P = 2513.16
crit psi
>.
& >
5 TOTAL TIME = 30 YEARS F
5 £, = 4.69% £ = 5.07y 8
ga ® L @ own
t, = 4,26y 4 6 M
‘@ !
3 I
tL = 4,62y
o
5
t ='5.12y
L e
Q = 5000 BBL/DAY € = 4.09y 7
L
L
B 16 1
tLé 3.16y
2
BOUNDARY
‘ ‘ : ' t = : : : '
1 2 3 4 5 € / 8 9 10

THOUSANDS OF FEET
CASE VI, NO. 1

JL6
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CASE VI, NO. 2

PROFERTIES OF THE DISFOSAL ZIONE
KEKKEXKKKKKKK KKK KKKERX KK KKK K KKK KK KX

COMFRESSIEBILITY = 0.S500E-QT 1/FSI
FERMEARILITY = 100,000 MD
VISCOSITY = 1.0Q00 - CF
THICKNESS = Z00.0 FT

FPORQSITY =0.200
KEXXEKXXRKTZEXAKRKKKEXX KK KXKR KK XXX KRXX KX

'PROFERTIES OF THE SHALE LAYER
XEXXXEXXKEKLKEXKRKKK KKK R KK KK KKK

SHALE FERMEABRILITY =0.10000E-0Z MD
SHALE THICKNESS = 1.00000 FT

FROFPERTIES OF ARANDONED HOLES
KEKKEKKKEKRKK KK KK KKK KKK KK KKK EKKKK KKK KKK EKK KA KEK KKK KKK KKK KK
X ABANXWELLXDEFTH TO *DEFTH TOxMUD XGEL ¥CRITIC x
¥ WELLXDIAMXDISF ZONEXHZO ZONEXDENSITYXSTRENGTH XFRESSU X
X X IN x FT X FT ¥LB/GAL *LEB/100QFTZXx PSI X
AEKEKEKEKKKEKEXKKXEKKKKEKKXKK K KKK KKK KKK KKK KKK KKK KKK KX KKK KKK KK KK
F.6%  TOO0,.00X 600.0% 2,000% 100.00%251%. 16%

X 1 x

* 2 % 2.6%x S000.00x 600.0% 9.000% 100.00%x2T51 T, 16%
b 4 I X Q.6%  S000.00x &00. 0%  9.000x% 100.00%x2513. 16%
X 4 x 9.6%x SO000,00x% 600.0% 9.000% 100,00%2S13. 16X
b § S x 9.6% S0O00Q,00% &QQ. 0% 9,000 100.00%2513. 16X
X 6 ¥ 9.6 S000,00x &O0. 0% Q.000% 100.00%X251 3. 16%
b 4 7 ¥ 9.&6x S0OQ0,00x EOQ.0%X P, 000% 100.00%2S17. 16%
X 8 x 9.6 SO00,00X Q00X 9.000% 100. 002513, 16%
X ? % 9.&6% SO0, 00X &O0. 00X F.000X% 100.00x2S17.16x%
X 10 % @.6%  SOQ00,.00% &QO.0X  F,.000x% 100. 0025173, 16%
KEEEK KKK KKK KK R KK KR LI KKK KRR KRN KR XK X KKK KX K KKK K

COORDINATES OF THE AEBRANDONED WELLS

WELL # X Y
XXXXXX FT. FT.

1 S000 ., QOO0 1500, QA0

< TJQ00., 000 1Q0Q0, QOO0

3 4400Q.000 S600, 000

4 SQOO, QOO 4000, Q00

o} &6500. 000 2800. 000

& 80Q0OG. QOO 4Q00, Q00

7 FOOO . QOO 2000, 000

8 7800.000 &400 . 000

7 QOO ., 0QO0 6000, 000

10 8000, Q0O 7000,000

COORDINATES OF THE INJECTION WELL

X= 4000.000 Y= 2000.000 FT.
INJECTION RATE =S000. BEL/DAY
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SYSTEM CONFIGURATION

LEAKY ESHALE LAYER

EETA/ALFHA=.44E+0QS DAYS

BOUNDED AGQUIFER

. LENGTH = 25000. FT

. WIDTH = 25000. FT

. AREA =14348.025 ACRES

TIME OF INVESTIGATION= J0.0Q00 YEARS

1 2222222020523 3220 202222222023 222239 221
XABANDON *CRITICAL xLEAKING xTIME TO %
¥ WELL XFRESEURE x ¥LEAK X
3 # b 3 FSI b 4 7 XYEAR x
LR 2222 2222222220222 22222 20 2200

x 1 Xx2S13.16 ¥ YES x 3I.83% x
X 2 2513.16 x YES x 3.67 X
x 3  x2513.16 x YES ¥ 4.21 X
X 4 x2S13.16 ¥ YES x 4.466 X
x S 2513.16 ¥ YES x 4.52 x
X 6 x2513.16 x YES x S.08 X
x 7 x2513.16 x YES x S.11 X
X 8 x2513.16 ¥ YES x S.37 ¢
x 9 x2S513.1& x YES x S.48 %
X 10 x2513.16 * YES x S5.47 X
2P S PP PP+ 2222202022300 08P F P2



18000 FT t = 5.1‘7y
7 |  RECTANGULAR AQUIFER ~77 BOUNDARY ===~ L ®
10
LENGTH = 25000 FT t, = 5.37
WIDTH = 25000 FT L y
g t:L = 5,48y
6 -1 K = 100.0 MD bt
H = 300.0 FT | 9
$p = .200
5 1 LEAKY SHALE '
b .v !
T KS = 0,1E-02 MD >
) > HS = 1.0 FT ' B
i y X t, = 4.66y €, = 5.08y ég
87 18 Perse = 2513.16 psi . ? ® Sﬁ
< 2 . t. = 4.21y 6
2 TOTAL TIME = 30 YEARS P !
= 3 3
t = 4.52y
) 5 t, = 5.11y
. L
2 4 yzi e
£, = 3.83y" 7
1.,
ty = 3.67%y
L
14 ?
BOUNDARY
} ; ¢ } t } f— } } i
1 2 3 'll 5 6 / 8 9 10

THOUSANDS OF FEET

CASE VI, NO. 2

2001



CASE VI, NO. 3

PROPERTIES OF THE DISPOSAL ZONE
3333332303233 3222322322222 )

COMFRESSIEILITY = 0.S00E-0S 1/FSI
FERMEABILITY = 100.000 ™MD
VISCOSITY = 1.000 crP
THICKNESS = 200.0 FT

POROSITY =0.200
PPt P TSP+ 83 2L 2222 22220220 2

FROPERTIES OF THE SHALE LAYER'
123223 +32322 2252222022000 20224

SHALE PERMEABILITY =0.10000E-0Z MD
SHALE THICKNESS = 1.00000 FT

PROFERTIES OF ABANDONED HOLES
1222222233232 2033202332232 220 3220232202220 222252202 004
¥ ABANXWELL XDEPTH TO xDEPTH TOxMUD xGEL XCRITIC x

x WELLXDIAMXDISP ZONExH20 ZONEXDENSITYXSTRENGTH XPRESSU x

X x IN x FT x FT *LB/GAL xL.B/100FT2x PSI X
L E38322 2323220322283 0223220222203 22022200203 32202250322 202

x 1 ¥ 9.6 SO000.00x &00.0x 9.000x 100.00%2513. 16%
% 2 %X 9.46%x S000.00x &00.0%x  9,000x% 100.00%x2513.16%
x I x .6 S000.00x &£00.0% 9,.000x% 100.00x25132.16%
X 4 X 9.6x S000.00x 600.0%  9.000x% 100.00%x2513. 16%
x 5 % 9.6%x S000.00x &00.0%  9.000x 100.00x2513., 16X
4 & % 9.6% S000.00x &£00.0%x 9.000% 100.00x2513.16%
X 7 % 9.6 S000.00x &600.0% 9.000% 100.00%x2513. 146%
X 8 x 9.46%x S000.00x% &00.0%x  9.000% 100.00%x2513. 16%
x 9 ¥ 9.6 S000.00x%x 600.0% 9.000x 100.00x2513. 16X
¥ 10 x 9.6 S000.00x 600.0% 9.000x 100.00%2513. 16X
K X K R R X X X TR R KA X KA R XXX X

COORDINATES OF THE ABANDONED WELLS

WELL # X Y
XXXXXX FT. FT.

1 S000.000 1500.000

2 3000. 000 1000, 000

3 4400. 000 3600. 000

4 &000. 000 4000.000

S &£500. 000 250¢. 000

& 8000. 000 4000. 000

7 F000. 000 Z2000.000

8 7800.0Q0 6400, 000

9 2000. 000 &£000.000

10 8000.000 7000.000

COORDINATES OF THE INJECTION WELL

X= 2000,.000 Y= 1500.000 FT.

INJECTION RATE

=3000,

BBL /DAY

101C
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SYETEM CONFIGURATION

LEAKY SHALE LAYER

BETA/ALPHA=.44E+QS DAYS

BOUNDED ARUIFER

« LENGTH = 25000. FT

. WIDTH = 25000. FT

AREA =14T48.02S ACREES

TIME OF INVESTIGATION= Z0.00 YEARS

FREKEEKKEX KA KK KKK KX XK KR IR XKL KR KKK
XABANDON XCRITICAL xLEAKING XxTIME TO %

* WELL ¥FRESSURE X% *LEAK X
X # X FPSI X 7 XYEAR X
EXXKKEKKEKXKXEKKKKKEKKEX R KKK KEKKKRX XXX KREKX
X 1 *¥2813.16 X YES ¥ 4.16 x
X =2 x2513.16 % YES ¥ 3.2 X
X S *¥2S13.16 x  YES X 4.34 x
X 4 x2313.16 X YES X 4.79 x
* S x2S13.16 x YES ¥ 4.72 x
X & ¥2513T.1&6 % YES ¥ S.19 X
X 7 ¥2513.16 % YES x S.2 X
X 8 X¥2T13.16 X YES ¥ S.42 X
X 9 x2S813.16 x YES ¥ S5.35 x
 § 10 *¥251T.16 x  YES ¥ S.852 x
EXEKEKXX KX KKK XXX LRI XK KRKR KX




18000 FT t = 5.52y

THOUSANDS OF FEET

7 RECTANGULAR AQUIFER — © ______ BOUNDARY~=---- °
LENGTH = 25000 FT. _shey
WIDTH = 25000 FT. £, =242 A
t, = 5.55y
0 - K = 100.0 MD s
H = 300.0 FT- 9
¢ = .200
5 LEAKY SHALE
[}
KS = .1E-02 MD l
o HS = 1.00 FT |
- b = 4.79 - > £
hlge = 2513.16 pai L g ‘e Y A
g it = 4.34 4 ' 28
M L 2%y Egg
TOTAL TIME = 30 YEARS o @
3 |
3]
t, = 4.72y
L e
5 t, = 5.24y
2 - Lo
Q = 5000 BBL/DAY t, = 4.16y 7
' @
£ = 3.2ly 1
1. lg
2
BOUMDARY
: t t t ! | 1 : t
1 2 3 h 5 € / 9 10

THOUSANDS OF FEET
CASE VI, NO. 3

2601
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CASE VI, NO. 4

FROFERTIES OF THE DISFOSAL ZONE
AEKXKEEXKKEEXKKKXK XXX KKEKKKKXKAXKKKXXX

COMFRESSIEBILITY = 0.S00E-QS 1/FSI
FERMEAEILITY = J00.000 MD
VISCOSITY = 1.000 CF
THICKNESS = JS0.0 FT

POROSITY =0.200
b2 S22 2222220202222 005 023203020888

FROPERTIES OF THE SHALE LAYER
L2222 2222822222322 23 223202020

SHALE FERMEARILITY =0.1000QE-02 MD
SHALE THICKNESS = 1.00000 FT

FROPERTIES OF ABANDONED HOLES
XK KKK KKK KKK KR KKK KKK KL XA K KKK A KKK KKK KKK XX
X ABANXWELL XDEFTH TO xDEFTH TOxmMUD *XGEL *CRITIC x
¥ WELLXDIAMXDIGSF ZONEXHZ0 ZONEXDENSITYXSTRENGTH *FRESSU X
X ¥ IN x FT X FT *LEB/GAL *LEB/10QFTZx PSI X
L2 3220522222202 0220233020230 3025 020083033380 8222255288 9
F.6%x  TO00.00% 600.0%x  9.000x 100.00x2513. 16%

X 1 x

X 2 % 9.6% S0O00,00x 600.0%x 9.000x 100.00%x2513. 16X
X S x 9.6x S000,00x% 600.0x F.000x% 100.QOX¥2ZT13. 16X
X 4 % F.6% SO00,00% &00.0%x  2.000x% 100.00%x2T135. 16X
x S x 9.6%x S000,00x% 600.0%x F.000x | 100.00Xx2T13. 16%
X 6 % .6  TOQO0,00x% 600.0%x 9.000xX% 100.00%x2T1T.16x%
X 7 X 9.6% SQO0,00% &00.0x 9.000x% 100.00x2ZT13Z. 16X
X 8 x 2.6%x S000,00x 600.0%  F.000xX 100.00%2ZT13. 16X
X ? X F.6% 3S0Q00,00x 600.0%x  9.000x 100.00%2ZT13T. 16X
X 10 x 9.6% S000.00x 600.0%  9.000% 100, 00%x2S13.16%
L2 2222020022222 0200202020322 020208332820 28 02023

COCRDINATES OF THE ABANDONED WELLS

WELL # X Y

XXXXKX FT. FT.
1 S000.000 1500.000
2 J000. 000 1000.000
= 4400.000 I600.000
4 &Q00. 000 4000. 000
S 6500.000 2T00. 000
& 8000, 000 4000.000
7 Q00 QOO0 2000, 000
8 7800. 000 640Q0.000
9 F000. 000 6000, 000
10 8000. 000 7000.000

COORDINATES OF THE INJECTION WELL

X= 4000.000 Y= 2000.000 FT.
INJECTION RATE =S000. REL/DAY




R
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SYSTEM CONFIGURATION

LEAKY SHALE LAYER

BETA/ALFHA=.73E+04 DAYS

BOUNDED AGUIFER

- LENGTH = 25000Q. FT

. WIDTH = 2S000. FT

. AREA =14T48.025 ACRES

TIME OF INVESTIGATION= Z0.00 YEARS

EEXXXKXKXEXKKRKKK KKK KEKKX KKK XK KR KKK KKKK KK XX
¥ABANDON xCRITICAL *LEAKING xTIME TO x

X WELL XFRESSURE x XLEAK 3
3 # 3 FSI 3 ? XYEAR 3
1 PP PRI P I P T PSPPI LTSI ST I IS LSS 51
X 1 x2513.16 X YES X 0.92 x
X 2 X2513.146 x YES X 0.91 %
3 2 X2513.16 % YES ¥ 0.93 x
X 4 ¥x2513.16 % YES X 0.95 «x
b3 5 x2S13.16 % YES X 0.94 %
X & *¥2513.16 X YES X 0.96 «x
X 7 2513.16 % YES X 0.96 %
X 8 ¥2513.16 x  YES X 0.97 «x
X S Xx2S13.1&6 x YES ¥ 0.97 x
X 10 ¥2513.16 X YES X 0.97 x
XKL AKX KRR KT ERRNRNKX

N b

105C



THOUSANOS OF FEET

W

M

Promy
"

18000 FT L= 0.97y
RECTANGULAR AQUITER ~—===BOUNDARY——--~ ‘ e
LENGTH = 25,000 FT - 0.97
WIDTH = 25,000 FT L 2Ny
% t, = 0.97y
K = 300.0 MD @
H= 50.0FT 9
¢ = .200
1LEAKY SHALE ) l
>
KS = 0.1E-02 MD ok
HS = 1.00 FT gég
> £, = 0.95y t. = 0.96y 29
g TOTAL TIME = 30 YEARS ’ @
3 PCrit 2513.16 psi L 0.93y
M ®
3
£, = 0.94y
. [
Q = 5000 BBL/DAY 5 £ = 0.96y
]J 0 *
t. = 0.92y 7
L
@
- ( 1
£ 0.91y
®
2
BOUNDARY
} i { } ! } 4 t } }
1 2 3 Iy 5 b 7/ 8 9 10

THOUSANDS OF FEET
CASE VI, NO. 4

{77\
{
N

2901



CASE VI, NO. 5

FROFERTIES OF THE DISFOSAL 2ONE
1323222533052 32822 028202202 000220 201

COMFREESIEILITY = 0.S00E-0S 1/FSI
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CHAPTER 9
FLOW THROUGE CONFINING LAYERS
The entire purpose of the evaluation of a confining layer or
layers for containment of injected wastewater is. to provide
assurance against vertical migration of wastewater or saline
water from the injection unit into overlying fresh water bearing

aquifers. Such vertical movement could occur as a result of:
1. Intergranular flow through unbreached confining strata,

2. Flow through naturally fractured or faulted confining

strata,

3. Flow through confining strata with solution porosity

and permeability,
4. Flow through artificially fractured confining strata,

5. Flow through abandoned unplugged or improperly plugged

vells.,
Flow under each of these conditions is discussed below.

9.1 Ratural Intergranular Flow

If ;he confining layer is a clastic sedimentary rock, that
is, it is composed of discrete sedimentary particles and is
unfractured, then fluid flow will be through intergranular
Spaces. Shales and siltstones and gradations between them are
examples of such rocks. Flow through the intercrystalline spaces

in cChemically deposited rocks such as limestones is also

intergranular flow.
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Darcy's law for the flow of water through a granular rock

is:
v = EAP (9-1)
ud L
where:
v = darcy velocity [cm/sec]

K = permeability [darcys]
y = viscosity [centipoise]

oP = pressure differential across the flow
distance [atmosphere]

AL = flow distance [centimeters]

Furthermore, the actual average intergranular liguid velocity is:

vV = v (9-2)
e

where:
v = average intergranular velocity [cm/sec]

% = effective porosity

The f£luid pressure in a reservoir into wnich liquid is being
injected is greatest at the injéction well face and declines
approximately logarithmically away from the borehole. The pres-
sure will also vary with time, increasing as injection continues
or declining if injection ceases or the rate is reduced. For
purposes of illustration, however, a maximum constant pressure
can be assumed to exist at the injection well in order to calcu-
late the rate at which wastewater might be moving vertically
through a confining layer. While Equation 9-1 is strictly cor-
rect only for horizontal flow, it can be used here for purposes

of illustration, if 4P is considered to be a pressure differen-
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tial across the confining layer that was induced by fluid injec-
tion and where no cross-formational flow potential existed prior
to injection. Using Equations 9-1 and 9-2, the values in Table
9-1 were, then calculated. Table 9-1 shows illustrative rates of
movement expressed in feet/year, for a range of pressures and
permeabilities. For these cases, the confining layer was assumed
to be 100 feet thick, the effective po;osity to be 10 percent and
the viscosity one centipoise.

TABLE 9-1 Distance of vertical travel of injected wastewater
in feet/year through a 100-foot-thick confining
stratum with various permeabilities and injection-
induced pressure gradients. The effective

porosity was assumed to be 10 percent and the
viscosity to be one centipoise.

P (psi)
| 500 1,000 2,000 5,000
. .
—(darcvs)
1 x 1070 114 ft/yr 228 ft/yr . 456 ft/yr 570 ft/yr
-5
1 x'10 1.14 2.28 4.56 5.7
-7 -2 -2 -2 =2
1 x 10 1.14 x 10 2.28 x 10 4.56 x 10 5.7 x 10
1 x 10

1.14 x 107 2.28 x 10 4.56 x 10° 5.7 x 10"

A vergical wastewater travel of 114 feet/year would probably
be unacceptably high but the assumed permeability in this case
(1 x 1073 darcys) is at the upper end of values that one might
éncounter in a confining stratum, whereas a value of 1 x 3.0.9
darcys is at the other extreme. The travel rates shown in Table
9-1 are only meant to be illustrative and not comprehensive.

Additional computations can be made, guite simply, if so desired.
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No mention has, so far, been made of the chemical quality of
water that might be forced to flow from the injection unit to an
overlying aquifer by injection pressure buildup. If the Qettical
flow is within the radius of spread of wastewater in the
injection unit, then the water that would initially enter the
overlying aguifer would be from the confining stratum and that
would eventually be followed by injected wastewater. Outside of
the radius of spread of the wastewater, the water initially
entering the overlying aquifer would be from the éonfining

stratum eventually to be followed by natural water from the

injection unit.

An example of the type of analysis described above was
documented by Hickey (1984) for an injection well facility at St.
Petersburg, Florida. The stratigraphic and hydrogeologic section
for the St. Petersburg injection site is'given in Figure 9-1.
Injection was carried out during a peiiod of 32 months beginning
in September, 1979, to determine the impact of long-term
injection. During the first year of the test, the mean injection
rate was 2,750 gpm through a single well into injection zone C
and by a postulated wellbore interconnection into injection zone
B. Hickey (1984) calculated the vertical velocities in the
semiconfining bed between injection zones A and B and also the
pPressures at various monitor well locations using analytical

equations similar to those given here.
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A much more powerful and revealing method of analysis, for a
problem as complex as that at St. Petersburg, is the use of a
numerical model such as the U.S. Geological Survey Saline Water
Injection Program or SWIP (INTERCOMP Resource Development and
Engineering, Inc., 1976). The SWIP model was used to obtain
predicted pressures, vertical velocities and saline water
displacements in the injection zones and semiconfining units at
St. Petersburg for comparison with Bickey's (1984) results.
Table 9-2 shows a comparison of pressures at selected monitoring
points at the St. Petersburg injection well site as calculated by
Hickey (1984) using analytical equations and as calculated for
this study by use of the SWIP model. No field data were given by
Hickey to allow comp&rison between observed and‘caléulated
pressures.

TABLE 9-2 Comparison of pressure buildups at observation well

locations at St. Petersburg, Florida as calculated by
Hickey (1984) and as calculated for this study using

SWIP.
Pressure Buildup
Observation Distance from Prom . FProm
—Vell Injection Well Hickey SWIP
A3 0 4 2.9
B6 45 1.6 2.5
B7 , 66 2.4 2
B8 100 0.5 1.0
B9 115 0.1 .08
Bl 660 0.1 1.0
B2 660 0.1 1.0
B3 660 1 1.2
B4 660 1.4 1.3
BS 660 0.5 .3
C2 1300 0.8 .8
c3 1390 0.3 1.8
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Figure 9-2 shows upward vertical velocities of pore water in
the confining layer between injection zones B and A. The
velocities are those computed by the SWIP model to exist after
one year of injection at 2,750 gpm into zones B and C as
explained above. For comparison, Hickey (1984) calculated
velocities, using analytical equations, of 0.005 to 0.05 ft/day
at a distance of about 733 ft. from the injection well and 0.01
to 0.1 ft/day immediately adjacent to the injeétion well. Figure
9-3 shows the calculated concentration fraction (C/C,) of
dissolved chemicals in zone A as forced upward from the
semiconfining layer into zone A from injection into zone B. For
example, if the semiconfining layer were to contain water with a
chloride concentration of 13,000 mg/l (Figure 9-1), then the
chloride concentration in the lower 20 feet of zone A would be
increased by about:

. (13,000 mg/l) (0.056) .= 728 mg/l
immediately adjacent to the injection well aftgr one year of

injection.

9.2 Naturally Practured Strata

The effect of naturally occurring fractures in a confining
layer is, commonly, to gteatly iné:ease the permeability and to
Create a secondary form of porosity which is small in maghitude
but effectively interconnected. The net result is that
wastewater transport through a fractured caprock may be tens or
hundreds of times more rapid than through the same rock in the

unfractured state.
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Figure 9-3 Concentration fraction C/C, of dissolved chemicals in zone A
as forced upward from the semiconfining layer into zone A by
injection into zone B at St. Petersburg, Florida
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The analysis of flow through fractured rock is often treated
no differently than flow through granular media. This approach
is probably acceptable in many cases; but, where fractures are
widely spaced, are of wide aperture or have a particular
directionalltrend other mathematical methods may be needed

(Freeze and Cherry, 1979, p. 73-74).

9.3 Strata With Solution Porosity

Solution porosity is often developed in conjunction with
fractures and in soluble rocks and the above statements
concerning fracture porosity will, thus, commonly be true where

solution porosity exists.

9.4 Artificially Practured Strata

Artificial fractures differ from naturally occurring ones in
that they are more likely to be represented by a single vertical
or horizontal fracture as opposed to a network of fractures.
Also, if the artificial fracture has been deliberately induced,
it will be propped open with sand, glass beads or other propping
agents. Eqﬁations have been developed to predict fluid pressute
distribution patterns in the vicinity of a well injection into
single vertical or a horizontal fracture (Gringarten and othérs,
1974; Gringarten and Ramey, 1974). Bowever, it is not likely
that such equations would find application to the flow of fluid
through a confining layer, since injection would be precluded if
it were known that the confining layer was breached by an induced

fracture.
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9.5 Abandoned Unplugged or Poorly Plugged Wells
An abandoned, unplugged or poorly plugged well, penetrating

.the injection unit, within the radius of pressure influence of

the injection well can act as a point leak from the injection
unit to overlying aquifers. This is, of course, the main basis
for the area of review determination required in the UIC

requlations promulgated under the Safe Drinking Water Act.

While development of analytic equations to predict rates of
interaquifer flow through a wellbore should not be particularly
difficult, this has apparently not been done. However, work is
currently in progress toward the formulation of analytic
equations for this purpose in the Earth Sciences Division of the
Lawrence Berkeley Laboratory, Berkeley, California (written

communication P.A. Witherspoon, 1986).

127



REFERENCES
CBAPTER 9 .

Freeze, R. A. and Cherry, J. A. Groundwater. Prentice-Hall,
Inc., Englewood Cliffs, New Jersey. 1979. 553 pp.

Gringarten, A. C. and H. J. Ramey. 1974. "Unsteady-State
Pressure Distributions Created by a Well With a Single
Horizontal Fracture." Journal of SPE, August, 1974. pp.
347-360. .

Gringarten, A.C., H.J. Ramey, and R. Raghaven. 1974. Unsteady-
State Pressure Distributions Created by a Well With a Single
Infinite-Conductivity Vertical Fracture. Journal of SPE.

August. pp. 347-360.

Hickey, J. J. "Subsurface Ihjection of Treated Sewage into
a Saline Water Aquifer at St. Petersburg, Florida."

Warner, D. L. et al. "Radius of Pressure Influence of Injection
Wells.” U.S. Environmental Protection Agency, EPA-600/2-79-

170, 1979. 204 pp.

(k/'

128






Appendix 4-13

Abandoned Oil and Gas Industry Wells and Their
Environmental Implications (Warner, 1988)
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